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Abstract: While significant advancements have been
made in creating quaternary stereocenters (all-carbon
substituents) within cyclic frameworks, generating acyclic
quaternary stereocenters poses a more formidable task
due to increased conformational flexibility. Herein, we
report an enantioselective synthesis of compounds con-
taining acyclic quaternary stereocenters through an iron-
catalyzed alkylation reaction between an acyclic tertiary
alkyl source and an unactivated primary alkyl source.
This method not only facilitates the rapid construction
of sterically hindered motifs but also effectively enhances
the saturation level of the molecule. Key to this method is
an outer-sphere C—C bond formation mechanism, where
enantioselectivity is governed by a cooperative triple
catalysis system that combines photoredox, chiral Lewis
acid, and iron catalysis. A series of compounds featuring
acyclic quaternary stereocenters is produced under mild
reaction conditions, and various transformations are
presented to illustrate the potential applications of this
approach. A comprehensive mechanistic study supports
the crucial Sy2 (bimolecular homolytic substitution)
mechanism.

- J

Introduction

Incorporating quaternary stereocenters (all-carbon sub-
stituents) into organic molecules is a valuable strategy
for designing bioactive compounds and pharmaceuticals.!'-?]
These stereocenters contribute to increased selectivity by
broadening the three-dimensional chemical space, allowing
for fine-tuning interactions between the drug and its target.
For example, among the top 200 small-molecule pharmaceu-
ticals by retail sales in 2023, 19 molecules contain at least
one quaternary stereocenter (Scheme 1a).’] Of these, 15 are
steroids, two are chiral lactams, and the remaining two are
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analogs of Taxol. Like these molecules, the vast majority of
organic compounds with quaternary stereocenters are synthe-
sized either from the chiral pool or through chiral resolution
methods. Exploiting efficient catalytic asymmetric methods
for creating quaternary stereocenters is highly sought after,
yet it continues to present a significant challenge in organic
synthesis.[*°] The difficulty arises from substantial steric
hindrance, which complicates the approach and alignment
of the reacting molecules, thereby hindering the catalyst’s
efficiency and selectivity in bond formation.

Considerable advances have been achieved in the syn-
thesis of quaternary stereocenters within cyclic structures;
however, the formation of acyclic quaternary stereocenters
remains a more formidable task due to their greater con-
formational flexibility.'™'>] The limited number of methods
available for creating acyclic quaternary stereocenters is a
key factor in the relatively low occurrence of drug molecules
with such motifs (Scheme 1la, where all stereocenters in the
19 drug molecules are exclusively cyclic). However, there
is a noticeable increase in the emergence of compounds
with acyclic quaternary stereocenters that serve as bioactive
molecules (Scheme 1b).['8] To this end, many catalytic
asymmetric strategies have been developed.l'38] Notably,
the intermolecular enantioselective cross-coupling reaction
stands out as a modular and versatile approach.**>!l The
alkylation reaction, particularly when employing unactivated
alkyl sources, is of great interest due to its potential to
rapidly increase the saturation level of a molecule, thus fur-
ther improving its drug-likeness.*?l However, such reactions
are still rare. In 2023, the Tao group realized an elegant
Ni-catalyzed «-alkylation reaction of acyclic ketones with
unactivated alkyl iodides by utilizing a unique bimetallic
ligand (Scheme 1c).[*1 However, replacing the methyl group
in the ketone with a larger substituent, such as an ethyl group,
leads to reduced efficiency and/or selectivity.

In our efforts to develop enantioselective cross-coupling
reactions catalyzed by earth-abundant metals, we envisioned
that iron would be an ideal metal for the formation of
sterically hindered C—C bonds. Unlike typical Ni-catalyzed
cross-coupling reactions, which proceed via an inner-sphere
reductive elimination mechanism,>*>°1 Fe-catalyzed cross-
coupling reactions between tertiary alkyl radicals and primary
alkyl radicals may follow a bimolecular homolytic substitution
(Su2) pathway through an outer-sphere mechanism.[®-7’]
There are two main advantages to forming sterically hin-
dered C—C bonds through the iron-mediated outer-sphere

© 2025 Wiley-VCH GmbH


mailto:zpyang@tongji.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202506883&domain=pdf&date_stamp=2025-04-17

a) Molecules featuring quaternary stereocenters from the top 200 list in 2023
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b) Bioactive molecules containing
acyclic quaternary stereocenters
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e) This study: acyclic quaternary stereocenters via triple catalysis
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Scheme 1. Background of this study. a) Molecules that contain (cyclic) quaternary stereocenters among the top 200 small-molecule pharmaceuticals
by retail sales in 2023. b) Examples of bioactive molecules containing acyclic quaternary stereocenters. c) Nickel-catalyzed a-alkylation reaction of
acyclic ketones with unactivated alkyl halides. d) The advantages and challenges of the outer-sphere mechanism. e) This study: acyclic quaternary
stereocenters via catalytic asymmetric cross-couplings with unactivated alkyl NHP esters.

mechanism. First, the formation of the C—C bond takes place
distal from the metal center, which prevents the formation of
sterically hindered tertiary alkyl-metal species and promotes
efficient C—C bond formation (Scheme 1d, left). Second, the
primary alkyl radical generated is relatively unstable and,
upon its formation, readily coordinates with the iron center,
resulting in a more stable alkyl-iron species; in contrast, the
tertiary alkyl radical is more stable and, once formed, reacts
with the alkyl-iron species to generate the C—C bond, thereby
minimizing homocoupling side reactions and ensuring the
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radical sorting proceeds as designed (Scheme 1d, right).[76-81]
However, achieving high enantioselectivity during the Fe-
catalyzed outer-sphere process is a daunting challenge, with
only a few successful examples reported to date. In this
context, the Zhang group recently showcased an elegant
demonstration of asymmetric olefin cyclopropanation using a
chiral iron porphyrin complex.[5283]

Recently, we realized an enantioselective synthesis of

(cyclic) quaternary stereocenters through Fe-catalyzed
alkylation reactions facilitated by an outer-sphere
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mechanism.[#*]  However, when acyclic 1,3-dicarbonyl
substrates were employed, only moderate yields (31%-
34%) were obtained, even when the reaction time was
extended to 3 days. Drawing inspiration from the pioneering
work of Meggers, 881 Feng, %21 Xiao,”%! Gong,’*%!
Guo,['%103] and others,[1%+197] we envisioned that combining
iron catalysis with chiral Lewis acid catalysis would offer
an effective platform for the enantioselective construction
of highly saturated acyclic quaternary stereocenters. In this
article, we present the achievement of this objective that
a ternary catalytic system, comprising photocatalysis, iron
catalysis, and chiral Lewis acid catalysis, can effectively and
selectively promote the coupling of benzoxazolyl acetates
with unactivated alkyl NHP (N-hydroxyphthalimide) esters
under base-free conditions (Scheme 1e).

Results and Discussion

Reaction Optimization

We first investigated the coupling reaction between a ben-
zoxazolyl acetate la and an unactivated alkyl NHP ester
1b (Table 1).l'%! After a comprehensive evaluation of the
reaction parameters, we identified that the combination
of Fe(OEP)Cl (III, OEP = 23,7,8,12,13,17,18-octacthyl-
21H23H-porphine) and a chiral Lewis acid catalyst, con-
sisting of Ni(acac), (acac = acetylacetonate) and (R,S)-L1,
can successfully achieve the desired enantioselective cross-
coupling in good yield and ee (90% yield, 86% ee; entry 1)
under base-free conditions.

The reaction becomes messy in the absence of Fe(OEP)CI.
Although the desired coupling product is still obtained,
presumably through a free radical process or an Sy2 process
catalyzed by Ni(acac),,['”!1%] both the yield and enantiose-
lectivity are notably reduced (entry 2). Removing the chiral
ligand forms a racemic product with decreased efficiency
(entry 3). The reaction requires a photocatalyst, a Lewis
acid catalyst, or light; otherwise, no product is formed (entry
4). The use of alternative iron catalysts, such as Fe(TPP)Cl
(III, TPP = 5,10,15,20-tetraphenyl-21 H,23 H-porphyrin), FePc
(II, Iron phthalocyanine), or Fe(III) Protoporphyrin IX,
as well as other catalysts capable of promoting the Sy2
process, including Vitamin B12, Co(Salen) (II, Salen = N,N’-
bis(salicylidene)ethylenediamine), or Co(TPP) (II), leads to
the formation of the product with much lower efficiency and
selectivity (entries 5-10). Various other chiral ligands are less
effective than (R,S)-L1 (entries 11-15). The reaction with
a lower amount of Lewis acid catalyst still affords a good
yield and enantioselectivity (entry 16). However, the yield
decreases when the coupling process is conducted with a
lower amount of iron or photocatalyst, for a shorter duration,
or at a lower temperature (10 °C), although the ee remains
unchanged (entries 17-20). Ethyl acetate is identified as
the optimal solvent (entries 21, 22). The reaction proceeds
relatively smoothly when a small amount of water is present,
whereas a reaction run in the presence of air leads to a
diminished yield and ee (entries 23, 24).

Angew. Chem. Int. Ed. 2025, 64, 202506883 (3 of 9)

Research Article

Angewandte

intemational Edition’y, Chemie

Table 1: Catalytic enantioselective cross-coupling of a benzoxazolyl
acetate and an unactivated alkyl NHP ester.

1 mol% Fe(OEP)CI, 2 mol% PC
5 mol% Ni(acac),, 6 mol% (R,S)-L1 QN
|

EA (0.067 M), 20 °C, 36 h OJ\F/\/\/\Me

o)\( 1.0 equiv

ComR Blue LEDs (450 nm) RO,C" Et
R = 1-adamantyl
o
\/\/\)OJ\ 1b NHP = N-hydroxyphthalimide ggé;/y':;d
) b
me NHp 2580UV PG =(r(dMeppy),(dtopy))PF

"standard conditions"

Variation from the

Entry "standard conditions" Yield (%)% ee (%)
1 None 90 86
2 No Fe 20 20
3 o (RS)-L1 53 0
4 No PC, Ni/(R,S)-L1, or 0 -
light
5 Fe(TPP)Cl, instead of 60 78
Fe(OEP)Cl
6 FePc, instead of 22 30
Fe(OEP)Cl
7 Fe(l1) Protoporphyrin 13 20
IX, instead of
Fe(OEP)Cl
8 Vitamin B12, instead of 24 17
Fe(OEP)Cl
9 Co(Salen), instead of 17 13
Fe(OEP)Cl
10 Co(TPP), instead of 0 -
Fe(OEP)Cl
n L2, instead of (R,S)-L1 86 84
12 L3, instead of (R,S)-L1 3 -
13 L4, instead of (R,S)-L1 56 0
14 L5, instead of (R,S) 60 —35
15 L6, instead of (R,S)-L1 31 0
16 2.5 mol% 90 83
Ni(acac)2/3.0 mol%
(R,S)-L1
17 0.5 mol% Fe(OEP)Cl 68 86
18 1.0 mol% PC 70 86
19 18 h, instead of 36 h 72 86
20 10 °C, instead of 20 °C 73 86
21 MeCN, instead of EA 0 -
22 PhCF3, instead of EA 8 78
23 1.0 mL air added 34 80
24 1.0 equiv. H,O added 78 86
O—< QD @ o, Cﬁw HN:
Me_ Me

2) Determined through GC analysis; °
analysis.

) Determined through HPLC

Substrate Scope and Applications

With the optimized reaction conditions established, we
sought to investigate the generality of substrate scope
for both coupling partners. A broad range of unactivated
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R® 2
R + R4
o)\( \/\)I\NHP

CO,R!

R = 1-adamantyl

a) Variation of NHP Esters

QM 3

RO,C Et RO,C Et Me

1 1, 88% yield, 87% ee
4 2,89% yield, 86% ee

3,69% yield, 93% ee

7, 64% yield, 80% eel?!

ROZC %t
12, 70% yield, 86% ee

6, 80% yield, 80% ee 8, 60% yield, 86% eel?!

ROZC %t
11, 73% yield, 90% ee

O Q Oy
)\P/\/\H/\/\ )\P/\/\”/\/OTBS oy
RO,C Et RO,C Et RO,C Et

15, 74% yield, 86% ee 16, 72% yield, 86% ee

Q;ﬂy\/\(vys/\/m’“ QBW r©

RO,C Et RO,C Et

RO,C Et

19, (R,S)-L1, 73% yield, 92.5:7.5 dr

17, 74% yield, 87% ee 20, (S,R)-L1, 74% yield, 7.5:92.5 dr

; -
! n-Hex /&,n-Hex

0)\75 s
RO,C Et RO,C Et

b) Variation of Benzoxazolyl Acetates
Q{‘
o)yn-Hex
R'0,C Et

=Bn, 25, 75% vyield, 82% ee
i-Pr, 26, 76% yield, 80% ee
t-Bu, 27, 82% yield, 87% ee
gram scale (1.36 g):
79% yield, 86% eel

N n-Hex n-Hex
Ot ~eres T4
O  Co,R

37, 62% yield, 86% eel®

23, 80% yield, 85% ee

N n-Hex
ey
O  CoR
R? = Me, 31, 81% yield, 80% ee

CDj3, 32, 77% yield, 80% ee
C,Ds, 33, 79% yield, 85% ee
n-Bu, 34, 65% yield, 85% eel?
i-Bu, 35, 63% yield, 83% eel®!
allyl, 36, 69% yield, 86% eel®

24, 32% yield, 82% eel®!

4, 71% yield, 92% ee

N N

J |
(o) Y o S,
RO,C Et NBoc RO,C Ft W

9, 83% yield, 80% eel?

QW

13, 72% vyield, 86% ee

18, 72% yield, 87% ee

BuO,C Et

38, 62% yield, 85% eel?

RA
R'0,C R?
acyclic quaternary stereocenters

ROZC %t

RO,C Et

5, 64% yield, 88% ee

10, 63% yield, 80% eel?!

QU

RO,C Et

14, 75% yield, 86% ee

RO,C Et

21, (R,S)-L1, 73% yield, 92.5:7.5 dr
22, (S,R)-L1, 73% yield, 7.5:92.5 dr

28, 68% yield, 85% eel®

29, (R,S)-L1, 60% yield, 3:97 drl!
30, (S,R)-L1, 50% yield, 82:18 drl*]

N n-Hex
N4,
\ 1NNl
A O  Co,R

39, 65% yield, 82% eel’!

C) Synthesis from Two Distinct Batches of Starting Materials

07 % 0 Ny Ph
RO,C 'n-Hex RO,C f-Hex
40, (R,S)-L1, 42, path a, 75% yield, 83% eel®
60% yield, 90:10 drl®! path b, 64% yield, -84% eel®!
41, (S,R)-L1,

o
)

50% yield, 19:81 drl®] : path a path b
: CO,R CO,R

o
Ph\/\/\)j\
NHP n-Hex)LNHP

RO,C %-Hex

43, path a, 70% yield, 86% eel®!
path b, 62% yield, -84% eel®!

path a path b

o}

Qv Oy
oj\rn-Hex J\/\/\/OMe
R

Scheme 2. Scope of the catalytic enantioselective cross-coupling. All couplings were conducted on a 0.20 mmol scale (unless otherwise noted), and
all yields are of purified products. a) Variations of NHP esters. b) Variations of benzoxazolyl acetates. c) Synthesis of identical products from two
distinct batches of starting materials. 2l The reaction was conducted for 72 h rather than 36 h. [’ The reaction was conducted for 96 h rather than

36 h. [ The reaction was conducted for 120 h rather than 36 h.
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HO Ph

C
tBuO,C Et
47, 85% yield, 86% ee

+-Bu0,C Et

Scheme 3. Transformations into other valuable enantioenriched compounds.

alkyl NHP esters can serve as effective coupling partners
in this straightforward photoinduced, iron-catalyzed
enantioselective C—C cross-coupling reaction (Scheme 2a).
NHP esters bearing various alkyl groups of varying sizes,
as well as functional groups such as terminal alkyne, ether,
trifluoromethyl, Boc-protected amine, thiophene, unactivated
primary alkyl chloride/bromide, ester, terminal/internal
alkene, and silyl ether, have proven effective in the formation
of acyclic quaternary stereocenters in good yield and
enantioselectivity (products 1-18).'''l In the case of an
NHP ester possessing stereocenters at a distant position, it
is the stereochemistry of the chiral catalyst, rather than that
of the chiral NHP ester, that governs the stereochemistry
of the coupling product (products 19-22). The absolute
configuration of products was unambiguously established
through X-ray diffraction analysis of compound 3.[11?]

The scope regarding the benzoxazolyl acetate is also
fairly broad (Scheme 2b). Both benzoxazole and benzoth-
iazole rings are suitable for this iron-catalyzed alkylation
reaction (products 23,24). The variation in the ester group
of benzoxazolyl acetate yields products with high efficiency
and enantioselectivity (products 25-28). In the gram-scale
synthesis (1.36 g of product), the coupling reaction to produce
27 proceeds with yield and ee almost identical to those
observed in the reaction conducted on a 0.20 mmol scale.
In the case of benzoxazolyl acetate that bears a chiral ester
group, the stereochemistry of the chiral catalyst, rather than
that of the benzoxazolyl acetate, controls the stereochemistry
of the coupling products (products 29,30). Furthermore, this
method efficiently accommodates benzoxazolyl acetates with
alkyl substituents ranging in size from methyl to isobutyl,
as well as functional groups such as deuterated alkyl, allyl,
silyl ether, terminal alkyne, and unactivated primary alkyl
chloride, all with good yields and ee values (products 31—
39). In reactions involving benzoxazolyl acetates with one
stereocenter, the catalyst determines the stereochemistry
outcome instead of the substrate (products 40,41).
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45, 83% vyield, 85% ee

48, 74% yield, 85% ee

then HCI, TFA, 50 °C

1. NH,OH+HCI, NaOAc Nao
MeOH, r.t. ¢

Ph
HW% S TPAA TER \P/\/\/\

-
t-Bu0,C Et

THF, rt.
50, 79% yield, 84% ee
g 9
COj3, MeOH, r.t. EtOJ\/F’(OEt)z
+-BuOK, THF, 0 °C
Etozcj
|
HC
Ph Ph

+-BuO,C Et
49, 81% vyield, 84% ee

One advantage of this method is the ability to synthesize
an identical product from two distinct permutations of
starting materials (Scheme 2c, products 42,43). For example,
compound 42 can be obtained via two different synthetic
routes: path a involves the coupling of n-hexyl-substituted
benzoxazolyl acetate with phenyl-substituted alkyl NHP ester,
while path b employs the coupling of phenyl-substituted
benzoxazolyl acetate with n-hexyl-substituted alkyl NHP
ester. Both pathways afford the identical coupling product
with high yield and ee, although the resulting stereochemistry
is inverted. This flexibility enhances synthetic opportunities,
as one can choose the preferred pathway if one route is
less favorable. For example, when preparing a coupling
product that contains both an ethyl group and an n-hexyl
group (product 1), it is recommended to use an n-hexyl-
substituted NHP ester instead of an ethyl-substituted NHP
ester. This is because the coupling reaction with the ethyl-
substituted NHP ester produces the product with lower yield
and enantioselectivity.!''?]

To further demonstrate the synthetic utility of this method,
we have transformed the coupling products into a variety of
other valuable enantioenriched compounds (Scheme 3). For
example, benzoxazole can be readily converted into a ketone
or aldehyde (products 44.45). Additionally, the resulting
aldehyde serves as a versatile intermediate, enabling direct
conversion to various functional groups such as carboxylic
acid, alcohol, terminal alkyne, alkene, and nitrile (products
46-50). Notably, no racemization is observed in any of these
transformations.

Mechanistic Studies

A series of mechanistic investigations were conducted to
gain a deeper understanding of the underlying mechanism.
Radical trapping experiments were initially performed to
investigate the potential involvement of alkyl radical species

© 2025 Wiley-VCH GmbH
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1 (not detected)
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1]
2.0 equiv \/F;‘OEQ
OEt

1 (not detected)

.

]
n-Hex” v F,"OEt
OEt

A3
[M+Na]*
calculated: 273.1590

found: 273.1595

—— Standard conditions 2 h
—— Standard conditions 4 h
‘Standard conditions 6 h
n-Hex-Fe{OEP)
Nifacacy+L1

~— Nifacac),*L1+1a

o "standard conditions" Q\{“ Me :
_— Ny H
1a , COR R = 1-adamantyl O)yn L Me : Q\{“
o RO,C Et 1 N : Yol
M \/\/\)J\ ommet
e NHP M Me : RO,C Et CO,Me
1b A, 29% yield ! A?
. [M+Na]*
! calculated: 460.2094
H found: 460.2094
b) Studies of the photoredox catalytic cycle
1a 7 = 1aslope = 8.32 201
; 1 ¢ 1bsiope=27.44
Uisq  ==miliacacpia(1ueg) % Ni(acac), L1 siope = 66723
——N(acacl; 64 v Nifacac),/L1 slope = 765.83
< — Ni(acac),/L1 + Ni(acac),/L11a slope = 1146.77, 154
£ 0.2 5
= 8
€ _ H
g = 3
5 2
3 0.1 N 2
e 21
0.0 _— —
14
0.0 0.5 1.0 1.5 0000 0001 0002 0003 0004 0005

Potential / V (vs. SCE)

e

2.5 mol% n-Hex—Fe(OEP)

Concentration of quenchers (M)
C) Studies of the iron catalytic cycle

N '
o8 s
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in the reaction (Scheme 4a).[''l When 2 equivalents of
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) are added to
the reaction mixture, the C—C bond formation is completely
inhibited, and the TEMPO-adduct Al is isolated in 29% yield.
Adding 2 equivalents of allylic sulfone or vinyl phosphonate
to the model reaction also halts the coupling process, with
the adducts A%? or A% detected by high-resolution mass
spectrometry. These findings suggest that both 1a and 1b could
generate alkyl radical species during the coupling reaction.

Cyclic voltammetry (CV) experiments were performed
next to elucidate the photoredox catalytic cycle.['"] The
onset oxidation potential of 1a is determined to be +2.04 V
versus the saturated calomel electrode (SCE) in acetonitrile
(MeCN) (Scheme 4b, left). Upon the introduction of the
chiral Lewis acid catalyst, this onset oxidation potential
is markedly reduced to +0.36 V versus SCE in MeCN.
Additionally, the half-wave potential of 1b is measured
as E;p (Ib/1b™) = —1.20 V versus SCE in MeCN. The
potentials of the photocatalyst (PC) are well-established,
with the following values: for reductive quenching, E;;,
(PC*PC~) = 40.55 V versus SCE in MeCN and E;;
(PC/PC") = —1.52 V versus SCE in MeCN; for oxidative
quenching, E, (PCT/PC*) = —0.87 V versus SCE in MeCN
and E,, (PC*/PC) = +1.25V versus SCE in MeCN.!''°l While
both PC* and PC* are capable of oxidizing 1a/Ni/L1, only
PC- is efficient in reducing 1b, with PC* showing limited
effectiveness (—0.87 V versus —1.20 V).['"] These findings
indicate that the photoinduced electron transfer (PET) pro-
cess occurs through the reductive quenching pathway.[''8] This
conclusion is further corroborated by Stern—Volmer studies,
which demonstrate that the luminescence of PC* is effectively
quenched by 1a/Ni/L1, whereas 1b fails to act as an effective
quencher (Scheme 4b, right).

Regarding the iron catalytic cycle, we synthesized the key
iron intermediate, the n-hexyl-substituted iron complex n-
Hex-Fe(OEP), to examine the potential involvement of iron
species (Scheme 4c).1%*] Based on the UV-vis studies, we
hypothesized that n-Hex-Fe(OEP) may be the predominant
resting state of the iron catalyst during the coupling reaction.
Using 2.5 mol% of five-coordinate n-Hex-Fe(OEP) as the
catalyst, the hexyl transfer product 1 is observed (47% yield
based on Fe, 86% ee), providing evidence in support of
the proposed Sy2 mechanism. Moreover, the preformed n-
Hex-Fe(OEP) is also able to produce product 13 from the
phenylpentyl NHP ester (59% yield, 86% ee), which supports
the hypothesis that the alkyl-Fe (III) species is reduced to Fe
(IT) upon radical substitution, and that the Fe (IT) species is
proficient in capturing other primary alkyl radical.

Based on the above observations and previous studies, a
proposed catalytic cycle for the model reaction is illustrated
in Scheme 4d. The reaction begins with the chiral Lewis acid
catalyst coordinating to compound 1a, forming a Ni-bound
complex, Ni-l1a. The enolate species E is generated in situ
in the presence of a base. Simultaneously, blue light-emitting
diode (LED) irradiation activates the iridium photocatalyst
[Ir'], promoting the formation of an excited-state complex,
[Ir™]*. This complex then oxidizes E via PET, yielding
reduced [Ir''] and generating a key tertiary alkyl radical,
E'. The reduced [Ir"] acts as a potent reductant, which
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effectively reduces 1b to produce a primary alkyl radical,
1b". In the iron catalytic cycle, 1b" is captured by a low-
valent iron species, Fe(OEP) (II), forming the alkyl-Fe (III)
intermediate. A rapid radical substitution occurs between
E' and alkyl-Fe (IIT) through an outer-sphere mechanism,
producing Ni-1 and regenerating Fe(OEP) (II). Finally, a
ligand substitution releases product 1 containing an acyclic
quaternary stereocenter.

Conclusion

We have accomplished an enantioselective synthesis of highly
saturated compounds with acyclic quaternary stereocenters
through an iron-catalyzed alkylation reaction using unac-
tivated alkyl NHP esters. The efficiency of this sterically
demanding construction is dictated by an outer-sphere C—C
bond formation mechanism, with enantioselectivity being
regulated by a cooperative triple catalysis system that inte-
grates photoredox, chiral Lewis acid, and iron catalysis. This
reaction operates under mild, base-free conditions, offering a
broad substrate scope and excellent scalability. The resulting
coupling products are amenable to further transformations
into other valuable compounds containing acyclic quaternary
stereocenters. A comprehensive mechanistic study has clari-
fied the reaction pathway, highlighting the crucial Sy2 process.
Ongoing efforts in our laboratory are focused on extending
iron catalysis to other useful asymmetric reactions.
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